Vector infection by some animal-infecting parasites results in altered feeding that enhances transmission. Modification of vector behavior is of broad adaptive significance, as parasite fitness relies on passage to a new host, and vector feeding is nearly always essential for transmission. Although several plant viruses infect their insect vectors, we have shown that vector infection by a plant virus alters feeding behavior. Here we show that infection with Tomato spotted wilt virus (TSWV), type member of the only plant-infecting genus in the Bunyaviridae, alters the feeding behavior of its thrips vector, Frankliniella occidentalis (Pergande). Male thrips infected with TSWV fed more than uninfected males, with the frequency of all feeding behaviors increasing by up to threefold, thus increasing the probability of virus inoculation. Importantly, infected males made almost three times more noningestion probes (probes in which they salivate, but leave cells largely undamaged) compared with uninfected males. A functional cell is requisite for TSWV infection and cell-to-cell movement; thus, this behavior is most likely to establish virus infection. Some animalinfecting members of the Bunyaviridae (La Crosse virus and Rift Valley fever virus) also cause increased biting rates in infected vectors. Concomitantly, these data support the hypothesis that capacity to modify vector feeding behavior is a conserved trait among plant-and animal-infecting members of the Bunyaviridae that evolved as a mechanism to enhance virus transmission. Our results underscore the evolutionary importance of vector behavioral modification to diverse parasites with host ranges spanning both plant and animal kingdoms. virus evolution | Tospovirus | virus-vector interactions
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virus evolution | Tospovirus | virus-vector interactions A rthropod vector behavior has profound ecological and evolutionary implications for the parasites they transmit, as these organisms rely nearly entirely on their vectors for passage to new hosts. In most cases, acquisition and inoculation of parasites occurs during vector feeding. Thus, a parasite's ability to alter the vector's feeding behavior in a manner that facilitates its own transmission would be especially adaptive (1, 2) . Several animalinfecting prokaryotic and eukaryotic parasites induce increased biting rates in their arthropod vectors by interfering with the ingestion process: Trypanosoma spp. obstructs phagoreceptors of tsetse flies (3), Leishmania spp. blocks the foregut of sand flies (4), Yersinia pestis blocks the foregut of fleas (5), and Plasmodium spp. and Trypanosoma spp. reduce activity of the apyrase (platelet aggregation inhibitor) salivary protein in mosquitoes and kissing bugs, respectively (2, 6, 7). Animal-infecting viruses also have been reported to alter vector feeding; however, the mechanisms behind these relationships are not as well understood as those for the aforementioned prokaryote and eukaryote parasites. It has been proposed that altered vector behavior may be a response to infection of different tissues and organs involved in host seeking and blood feeding, including the salivary glands, eyes, and nervous system (8, 9) . Increased biting rates and less efficient ingestion, as evidenced by decreased engorgement, have been reported from mosquitoes infected with La Crosse virus (9), Semiliki Forest virus (10), Rift Valley fever virus (11), and Dengue-2 virus (8).
Until now, plant-infecting viruses have been shown only to modify vector behavior indirectly, primarily by causing physiological changes in virus-infected plants that increase plant attractiveness and preference to vectors (12) (13) (14) (15) . Plants infected with Tomato spotted wilt virus (TSWV) were more attractive than uninfected plants to their western flower thrips (WFT) (Frankliniella occidentalis) vectors, with uninfected female thrips preferring infected plants for feeding and oviposition (16, 17) . Furthermore, animalinfecting members of the Bunyaviridae have direct effects on their vectors, with viral infections resulting in increased biting rates and altered ingestion levels in infected mosquitoes (9, 11) . These changes in vector feeding behavior lead to increased interaction between hosts and vectors and favor increased virus transmission. Compelled by the knowledge that animal-infecting bunyaviruses modify the feeding behavior of their vectors, we hypothesized that TSWV, a plant-infecting bunyavirus (genus Tospovirus), may modify the feeding behavior of its vector, F. occidentalis.
Tospoviruses, like most members of the Bunyaviridae, replicate in their vectors and are transmitted in their vector's saliva during feeding (18) . Thrips feed on plants by inserting their tubular stylets into cells and sucking out cellular contents (19) . Thrips do not have separate food and salivary canals in their stylets, so they must salivate and ingest cell contents through the same feeding tube (20, 21) . Insertion of the stylets into the plant is referred to as "probing" (analogous to mosquito biting), and an individual bout of probing (from insertion to withdrawal of the stylets) is referred to as a "probe." Different behaviors can take place during a probe (e.g., ingestion, salivation, stylet movements) and different probes can include different behaviors or combinations of behaviors (Fig. 1) . Some feeding behaviors, such as movement of fluids, can be inferred from movement of the salivary and cibarial pump muscles, visible under the translucent exoskeleton of the mouthcone and head, respectively (21) (22) (23) . Movement of the cibarial muscles is indicative of ingestion, whereas movement of the salivary pump muscles is indicative of salivation.
Like most plant viruses, tospoviruses require a functional cell to initiate infection; therefore, the highest probability of inoculation is during probes that cause minimal cell damage (24) . Increased frequency of these types of probes is associated with enhanced transmission efficiency (25) . Male WFT transmit TSWV more efficiently than females (26, 27) , and it has been hypothesized that more robust virus infection of males and sexually dimorphic feeding behaviors are responsible for differences in transmission efficiency (26) (27) (28) . To examine whether infection with TSWV changes the feeding behavior of its WFT vector, we used the electrical penetration graph technique (29) to monitor feeding behavior of infected and uninfected male and female thrips. This approach allowed us to examine the fine details of WFT feeding behavior and revealed that infection with TSWV modified male thrips feeding behaviors in ways that are expected to enhance virus transmission.
Results
Probe Characterization. Electrical penetration graphs (EPGs) record electrical fluctuations when piercing-sucking insects, such as thrips, probe into a plant. The electrical fluctuations occur in distinct patterns, referred to as waveforms, and different feeding activities during probing produce different waveforms. Characterization of the waveforms produced by feeding thrips revealed three types of probes: noningestion probes, short-ingestion probes, and long-ingestion probes. The distinctive waveforms that we characterized are in Fig. 1 . When the thrips does not have its stylets inserted into the plant, the voltage level in the EPG recording is near zero and is referred to as baseline, or non-probing. As soon as the thrips inserts its stylets in the plant, the EPG registers a sharp voltage increase (waveform P) (20, 23) . All probing behaviors begin with waveform P and end with a sharp voltage decrease back to baseline. Noningestion probes generally last about 1 s and consist of waveform P followed by nondescript voltage fluctuations; no R waveforms occurred during these probes, nor were cibarial muscles observed moving. Short-and long-ingestion probes begin in similar ways, starting with waveform P followed by an R1 waveform (R1a or R1b), which then transitions into waveform R2. Short-and long-ingestion probes are differentiated by whether R1 or R2 waveforms dominate the probe. Short-ingestion probes are characterized by an R1:R2 ratio of less than 1:3, whereas long-ingestion probes are characterized by an R1:R2 ratio greater than 1:3. Waveforms R1 (a and b) and R2 are characterized by a highly stereotypical pattern, and are easily distinguished by the repetition of voltage dips and peaks that occur at different rates: sharp dips and peaks at 10-14 Hz for R1a, sharp dips and rounded to flat peaks at 8-11 Hz for R1b, and rounded to flat, square-like dips and peaks at 5-8 Hz for R2 (Fig. 1) .
Our methods allowed correlation between specific probe types and fine details of thrips probing behavior, such as movement of cibarial and salivary pump muscles and production of salivary droplets. Correlations of these behaviors with probe types are summarized in Table S1 . Movement of the salivary pump muscles followed by production of saliva droplets at the tip of the mouthcone were observed before noningestion probing (Movie S1). Continuous movement of salivary pump muscles indicated that salivation also occurred during noningestion probes and at the end of short-ingestion probes (Movie S2). Cibarial muscles were observed moving throughout waveforms R1 and R2, indicating that thrips are ingesting during R waveforms that occur in both short-and long-ingestion probes (Movies S2 and S3). Our recordings also show that long-ingestion probes involve a more intricate behavioral process than that which occurs during short-ingestion probes. While engaging in long-ingestion probes, a thrips head, mouthcone, and the muscles within are often in continuous motion (Movie S3), behaviors not observed during short-ingestion probes. The simultaneous movement of different muscles and the intricacy of behaviors during longingestion probes precluded separation of salivation, ingestion, and stylet movement behaviors.
Feeding Behavior Study. Table 1 reports the number and mean total duration of the three probe types (total duration = sum of durations of all individual probes of each probe type) across all treatments and the significance of the factors sex, infection, and time (first or second half of the 8-h recording) and their interactions. Table 2 reports the mean duration of individual probes for each probe type. Pairwise comparisons showed that mean probe duration of noningestion and short-ingestion probes was greater for males than for females regardless of infection status (Table 2 ). In contrast, among uninfected males and females, the mean duration of individual long-ingestion probes was significantly longer for males than for females (Table 2 ). Pairwise comparisons for all treatment groups and most measured behaviors are shown in Fig. 2 .
When thrips were not infected with TSWV, their feeding behavior was sexually dimorphic, with males engaging in nonfeeding behaviors (e.g., walking) more than females and females making significantly more probes of significantly greater total duration than males, except with regard to the number and duration of long-ingestion probes (Table 1) . Infection with TSWV resulted in dramatically altered male probing behavior while Short-ingestion probe (emptying of an individual cell): waveform P is followed by waveform R1a (10-14 Hz), which transitions into the ingestion waveform R2 (5-8 Hz). (C) Long-ingestion probe (sustained ingestion from unknown source): waveform P is followed by waveform R1b (8-11 Hz), which transitions into waveform R2, which dominates the probe and continues on for several minutes in the recording. Vertical scale bar: 1 V; horizontal scale bar: 1 s.
having no significant impact on female behaviors. The biting rate (number of probes) of infected males exceeded that of uninfected males, with infected males making three times more total probes, almost three times more noningestion and shortingestion probes and twice as many long-ingestion probes. Although infection status did not affect the average duration of probes (Table 2) , the dramatic increase in the number of probes made by infected males compared with uninfected males resulted in significantly increased mean total duration of noningestion and short-ingestion probes (Table 1 and Fig. 2 ). Total time in noningestion probes by infected males was almost three times longer than their uninfected counterparts, and the mean total duration of short-ingestion probes was nearly twice as long. In contrast to males, infection status did not significantly affect any of the variables analyzed for females (Table 1 and Fig. 2) . Consequently, there was a significant sex × infection interaction for most of the variables in Table 1 .
Feeding behavior of infected males more closely resembled that of infected females than that of uninfected males, with the exception of short-ingestion probing. Infected females made a significantly greater number of short-ingestion probes (Fig. 2D) , which empty individual cells. Infected males and females made similarly high numbers of noningestion probes that leave plant cells largely undamaged and available for virus infection (Fig.  2B) . However, females did not move much between successive probes; thus, noningestion probes were embedded in highly damaged areas created by clusters of short-ingestion probes. In contrast, males moved considerable distances between probes and made significantly fewer short-ingestion probes. As a consequence, noningestion probes were not embedded within clusters of emptied cells and were instead surrounded by undamaged cells. This resulted in the visible differences in feeding damage produced by males and females (Fig. 3) .
Feeding behavior was compared between the first 4 h and the second 4 h of plant access. Most measured feeding behaviors, except number and total duration of long-ingestion probes (Table 1) , differed significantly between the two time periods with most feeding behaviors increasing during the second 4 h of plant access. When the interactions between sex, infection, and time were analyzed, only the mean total duration of probing was significant, reflecting the fact that uninfected males fed significantly less than all other treatments during the second 4 h of plant access but not during the first 4-h period (Fig. S1 ).
Discussion
Our data show that the feeding behavior of WFT males infected with TSWV is modified in ways that are predictive of enhanced virus transmission. Animal-infecting members of the Bunyaviridae also modify the behavior of their vectors; thus, modification of vector feeding behavior may be a conserved trait across the plantand animal-infecting members of the family. Viewed relative to evidence from a range of arthropod-transmitted parasites (trypanosomes, protozoans, bacteria), reviewed in refs. 1 and 2, our findings broadly implicate behavioral modification of vectors as a highly adaptive trait for plant-and animal-infecting parasites.
Until now, behavioral changes in plant virus vectors have been observed only as a response to plant host infection, and there have been no examples of vector infection with a plant virus altering vector feeding behavior. Like animal-infecting parasites, TSWV fitness relies heavily on its vectors' ability to move it to new hosts. Our data show that infection of male thrips with the plant virus TSWV results in an up to threefold increase in the 5) . Number of probes of each type and their total duration (sum of durations of individual probes) were recorded from each of two 1-h periods (3,600 s) for each individual thrips (one period randomly selected from each half of the 8-h EPG recordings); thus, summary statistics (rows 6-9, mean ± SD) are based on n = 40 for each combination of sex and infection status. Significance levels of P ≤ 0.05 are printed in boldface type. Table 2 frequency of all feeding behaviors. Because feeding is an absolute prerequisite for transmission, this behavioral modification is predictive of increased virus passage, regardless of which feeding behavior is key. Previous research shows that passage of the virus is completely dependent on virus entry into cells that can support infection and permit cell-to-cell spread through plasmodesmata (30) . Our data show that infection of male thrips with the plant virus TSWV results in an almost threefold increase in noningestion probes, a feeding behavior that leaves plant cells intact and vulnerable to infection. Virions are transported from the thrips salivary gland into the plant during salivation, and we have shown that thrips actively salivate before and during these nondestructive, noningestion probes. Taken together, these data indicate that an increase in production of noningestion probes will lead to enhanced virus transmission.
Short-and long-ingestion probes are highly destructive to plant tissues and are therefore not predicted to enhance virus transmission, but they do increase food uptake. We hypothesize that the almost threefold increase in the number of shortingestion probes made by infected male thrips would result in increased nutrition to counterbalance the negative physiological consequences that TSWV infection may cause. Similar compensatory responses have been reported for many parasite vector interactions (31) . Previous reports show that the direct (thrips infection) and indirect (host plant infection) effects of tospovirus-thrips interactions on thrips survival, development, and reproduction are complicated and differ depending on host plant, virus isolate, thrips population, and temperature (32) . One explanation for this variability may lie in whether or not virus infection induces a compensatory response under particular conditions. In support of this contention, one study on TSWV-thrips interaction showed that infected males but not females had an increased developmental rate (32). There was no significant difference in the total duration of longingestion probes among treatments, as shown in Table 1 . In general, studies focused on parasite manipulation of arthropod vectors of animal-infecting parasites have been focused on females. In many cases, males of these vector species do not feed on the same hosts as females; e.g., female mosquitoes feed on blood and male mosquitoes feed on nectar or not at all (33) . Unlike these previous studies, our data show that infection with TSWV altered male feeding, with little effect on females. Furthermore, the behavior of males shifted such that the profound sexual dimorphism in the feeding behavior of uninfected thrips was largely diminished. Indeed, infected male feeding more closely resembled that recorded for infected females. That said, there are specific differences between infected males and females with regards to patterns of feeding that may explain why males have previously been shown to be more efficient vectors of TSWV than females (26) (27) (28) . Infected females cause more feeding damage than infected males by producing almost three times as many short-ingestion probes (Fig. 2D and Table 1 ). These types of probes empty cells, thus making them unsuitable for virus infection. Furthermore, females do not move extensively between short-ingestion probes. These behaviors lead to large areas of cell death (Fig. 3) and highly damaged cells that do not support initiation of viral infection. When females make noningestion probes, they are frequently embedded within these patches of damaged cells, limiting the possibilities for virus spread. The combination of this latter characteristic and the large numbers of short-ingestion probes decreases the probability of virus inoculation by females. TSWV-infected males make as many noningestion probes as females; however, they make far fewer shortingestion probes (Fig. 2 B and D) . In addition, they move more frequently between probes, generally probing a small number of cells in one area and subsequently moving to a new area. The outcome of this behavior is that there are fewer damaged cells surrounding male noningestion probes; thus, the probability of virus inoculation and spread is enhanced.
Our data show the behavioral modification of a vector infected with a plant virus. The evolutionary implication of this finding is that behavioral modification of vectors may be a conserved trait within members of the Bunyaviridae spanning across three different genera of vector-borne bunyaviruses (Table S2) . Mosquito vectors infected with La Crosse virus (Orthobunyavirus) (9) and Rift Valley fever virus (Phlebovirus) (11) exhibit increased biting rates. Furthermore, male (but not female) rodents infected with another bunyavirus, Seoul virus (Hantavirus), the virions of which are transmitted directly by the rodent hosts in saliva and excrement, exhibit behavioral changes resulting in increased aggression and biting (34) . Concomitantly, these data show that conservation of a vector-altering trait provides both plant-and animalinfecting bunyaviruses with a selective advantage by increasing virus dissemination. The adaptive importance of this trait is further illustrated by its conservation across a wide range of arthropod-transmitted prokaryotic and eukaryotic parasites (1, 2) that we have now shown span the plant and animal kingdoms.
Methods
Organisms. F. occidentalis and TSWV isolate MT2 were originally collected in Hawaii. Thrips were reared on green bean pods (Phaseolus vulgaris L.), and virus was maintained in Emelia sonchifolia (L.) as previously described (35) . Virus-infected and control treatment groups were obtained by allowing first instar thrips 24 h of access to infected and uninfected E. sonchifolia leaves, respectively, as previously described (35) . EPG Recordings. To record EPGs, the insects must be attached to a thin, flexible wire with an electrically conductive adhesive. A 2-cm long piece of 2.5-μm diameter platinum Wollaston process wire (Sigmund Cohn Corp.) was attached to the head of a 3-mm diameter nail with water-soluble glue containing particles of silver. The nail eventually was used to connect the wire to the 3-mm diameter input of the EPG probe. Wollaston process wire has a thin platinum wire core encased in a larger diameter silver wire. After attaching the wire to the nail, the free end of the wire was dipped into 40% nitric acid to dissolve away the silver casing and then dipped in water to wash off the acid. The freed 2.5-μm platinum wire was then attached to the thorax of thrips with the same glue. To facilitate wiring, thrips were first immobilized on a cold plate. The ultra-thin wire allowed thrips relatively unfettered movement when placed on a plant. After wiring, thrips were allowed to walk on a solid surface and starved for 1 h to allow them to recover and acclimate to the wire. Some EPG waveforms that we recorded were similar to those previously characterized and correlated with specific thrips feeding behaviors (20, 23) . Waveforms that were not already described were correlated with behaviors using simultaneous recordings of high-magnification video images of feeding thrips and EPG recordings as previously described (36) . Thrips frequently move their head and mouthcone when feeding; therefore, muscle movement was not in focus and fully observable in every video recording. Observations of muscle movements (cibarial or salivary pump) were clear in video recordings of 43 individual thrips engaging in one or more probe types (Movies S1, S2, and S3).
Feeding Experiments. EPGs were recorded from adult thrips (2 d posteclosion) feeding on the upper surface of the second leaf of a healthy three-to fourleaf Datura stramonium L. plant. Each recording was from a different thrips and plant and was 8 h in duration. A Giga-4 DC-EPG system (W. F. Tjallingii, University of Wageningen, The Netherlands) (37) was used to make the recordings. Twenty recordings were made from each of four categories of thrips: infected males, uninfected males, infected females, and uninfected females. After recordings, a Vicia faba L. leaf disk assay as previously described (28) was used to verify infection status of all thrips. This ensured that thrips assigned to the infected category were infected and able to transmit TSWV and that thrips assigned to the uninfected category (which were never exposed to TSWV) were not infected.
Statistical Analysis. Each 8-h recording period was divided into two 4-h halves, and a 1-h period from each half was randomly selected for analysis. For each selected 1-h period, the number of occurrences, total duration, and average duration of noningestion, short-ingestion, and long-ingestion probes were measured as well as the total number and duration of all probes (pooled over the three probe types) (Tables 1 and 2 ; Fig. 2; Fig. S1 ) with the aid of a custom-designed Excel workbook (38) . The probe number and durations reported here (Tables 1 and 2 ; Fig. 2; Fig. S1 ) are the average of averages from the 20 recordings. A linear mixed-effects model ANOVA was used to analyze the effects of sex, infection, and time period (first 4 h or second 4 h) and their interactions on these variables (Table 1) . Time period was treated as a repeated measure, with n = 2 measurements/thrips. Pairwise comparisons among main effects were performed using the Tukey-Kramer adjustment for multiple comparisons (P ≤ 0.05) (Fig. 2 and Fig. S1 ). Model fit was assessed using graphical analysis of the residuals and a Shapiro-Wilk test for normality. Data were transformed where appropriate to improve model fit (square-root transformation for number of occurrences and natural log transformation for duration).
